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Synthesis, properties and biomedical perspective
on vitrimers - challenges & opportunities

Gagandeep Kaur,? Pawan Kumar @ *2 and Christian Sonne®

A novel class of crosslinked materials known as “vitrimers” has recently bridged the real-time gap between

the limitations of thermoplastics and thermoset materials for great possibilities of real-world application. In

this line, synthesis methods and properties for biomedical applications are rarely reviewed in the current

literature. More importantly, challenges and opportunities for possible real-world biomedical applications

need to be addressed to attract researchers in this emerging field. Here, we review the various synthesis
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methods/schemes for vitrimer preparation to achieve desired properties for specific applications. We have
classified these different synthesis methods/schemes into monomers during transesterification, disulfide
and imine exchanges, and discuss this focusing on recent examples. Then we discuss exchange-based

properties, i.e., recyclability, healing ability, shape memory, and adhesive nature for biomedical prospects,

rsc.li/RSCApplinter

1. Introduction

In the past 100 years, plastics have been one of the main
enabling materials for real-world applications. They are more
adaptable than any other kind of material, being flexible for
processing in large quantities using techniques like hot

pressing, extrusion, and molding. Plastics are strong
materials that are frequently resistant to oxidation,
biodegradation, and moisture.' Thermoplastics and

thermosets are the two primary categories of plastics.
Thermoplastics like poly(ethylene terephthalate), polystyrene,
polyethylene, and poly(vinyl chloride) may be molted and
processed again with ease at high temperatures.> Meanwhile,
thermoset materials, i.e., urea-formaldehyde, silicone resins,
epoxy resins, and melamine resins, cannot easily be recycled
after being processed once. These materials have substantially
excellent mechanical/thermal strength and chemical stability
when matched to thermoplastic materials.>* By examining
their chemical structures, it is possible to comprehend this
distinction. Thermoplastics are made up of linear polymeric
chains that are primarily held together through
intermolecular forces (IMFs)." Conversely, thermosets enable
polymers to be seen as a unfied molecular unit due to their
composition of 3D networks with covalent bonds that
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including self-healing coatings, recyclable polymers, 3D printing, and biodegradable medical equipment.

facilitate the curing process.” Even at high temperatures,
these covalent crosslinks are difficult to break, and the
polymer typically breaks down before melting. While the
majority of plastics cannot be easily and inexpensively
converted back into their individual monomers,
thermoplastics can be partially recycled using mechanical
methods. However, thermosets can typically have a limited
number of uses before being burned up or utilized as filler
materials." Therefore, there is a need to develop novel plastics
with strength and durability comparable to thermosets. This
would be essential for a society that relies on recycling and
the use of waste as a raw material for the sustainable
production of other useful products like bio-plastics, bio-
chemicals, fertilizers, and so on.” The tempting possibilities
they provide in many industrial applications have motivated a
determined effort to fill the void between thermosets and
thermoplastics over the past ten years. The goal is to create a
material that can combine the benefits of both types,
maintaining its robust mechanical properties over a wide
range of temperatures while also exhibiting desirable traits
like self-healing, recyclability, and the capacity for simple
welding.”®

The concept of self-healing is not limited in scope; rather,
it encompasses a wide range of disciplines, from biomedical
advancements to cutting-edge aerospace technologies.” This
idea has the fascinating potential to be used in many
different types of materials, which include polymers,
ceramics, etc. The potential ramifications of developing self-
repairing materials are immense and promise a paradigm
shift in how we view and work with materials in many
different contexts.”® Recyclability intends to assist resource-
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efficient and environmentally sustainable resource
management, whereas self-healing attempts to enable the
seamless and potentially automatic mending of fractures and
defects. Furthermore, the possibility of welding opens up
new avenues for innovative design options, such as intricate
shapes and adaptive assembly of various structural
components. We assert that the harmonious integration of
these attributes ultimately results in enhanced versatility,
increased longevity, and lower costs.’

A revolutionary concept in polymer chemistry back in
2011 which sparked a remarkable surge of interest within the
scientific community.’® The researchers introduced the
concept of vitrimers, recalled the chemistry of crosslinked
polymers, and discussed covalently adaptable networks
(CANs), which exhibited fluidity resembling that of silica.
Initially, the raw components, namely epoxy resin and fatty
acid/anhydride, were subjected to heating and curing
processes to create vitrimers.""'> Recently, in addition to the
original hydroxyl ester, many other forms of vitrimer dynamic
covalent bonds, including disulfide bonds, Schiff bases,
urethanes, silyl ethers, and disulfides, have been documented
in the scientific literature. Despite their structural variations,
both thermoset and vitrimer polymers have a crosslinked
network structure. Vitrimers and thermosets differ only in
that vitrimers have a crosslinked network of glass-like
polymers with dynamic covalent bonds. These bonds can
respond reversibly to external stimuli like heat and
mechanical force, causing the crosslinking network to
rearrange. This results in wunique properties such as
repairability, stress relaxation, shape change performance,
and processability similar to thermoplastic materials."*™*

After removal of external stimuli, the glass-like polymer's
dynamic covalent networks remain stable and display
exceptional qualities like dimensional stability and other
traits seen in thermosetting high-molecular-weight materials.
A glass-like polymer to be an innovative type of polymer
combines the advantages of thermoplastic and thermosetting
materials."”” The reaction mechanisms for crosslinked
networks with dynamic covalent connections can be
categorized into two main groups: the network disintegration
mechanism and the network rearrangement mechanism. As
a result of this network breakdown process, the robust
covalent bonds in the crosslinked polymer dissolve and
reorganize over time. For example, the temperature required
for its adducts' reverse breakdown is higher than that for the
furan and maleimide forward addition reaction. Upon
completion of the breakdown reaction, the crosslinking
points within the network of these materials dissolve and
yield soluble small molecules known as prepolymers. The
crosslinking spots are established, and a crosslinked
structure is produced when the reaction is completed.
According to the mechanism of network rearrangement, the
robust covalent linkages in the structure simultaneously
dissociate and recombine while remaining in dynamic
equilibrium. Despite the occurrence of the dynamic reaction,
the crosslinked network formed through the process of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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network rearrangement remains intact and exhibits the
properties of being insoluble and incapable of melting in
inactive solvents.'® It is important to note that the vitrimer
relies on the process of rearranging its network structure,
and the term solid-state plasticity refers to the vitrimer's
ability to exhibit flexible behavior during dynamic reactions.
Vitrimers possess an extensive network of crosslinks and a
constrained dynamic reaction rate. These elements hinder
thermoplastic polymers from flowing at high temperatures. A
few articles have also supported the pioneering assertion that
fractured vitrimers utilise conventional moulding machinery.
In the literature, hot pressing at high temperatures over a
prolonged period is one of the most common vitrimer
reprocessing methods discussed.”

Here, we elucidate how vitrimers emerge as a promising
solution to address the inherent limitations posed by
traditional thermosets and thermoplastics. Here, we delve
into the fundamental principles underpinning the synthesis
of vitrimers, highlighting the essential conditions that guide
their formation. Vitrimers can also be divided into categories
based on the monomers that were used to prepare them,
such as transesterification, disulphide, imine linked, ester
lined, and so on. Furthermore, in-depth discussion is also
given regarding characteristics of vitrimers that make them
particularly suitable for a wide range of biomedical
applications.  The  tunable  mechanical properties,
biocompatibility, = shape memory, and self-healing
characteristics of vitrimers open novel avenues in various
fields such as tissue engineering, drug delivery, and
biodegradable implants. Nonetheless, challenges associated
with achieving precise control over properties of vitrimers
and their long-term stability in biological environments
warrant thorough investigation. We conclude by shedding
light on the prospects of vitrimers in biological applications,
envisioning a transformative path toward innovative medical
technologies and therapeutic interventions.

1.1 Fundamentals of vitrimers

Vitrimers and studies of polymer chemistry are a category of
materials that are distinguished by their dynamic covalent
connections. These bonds can be broken and then reformed
without causing any significant change to the material's
overall structure. The manufacture of vitrimers often involves
the use of particular reactants that can undergo reversible
reactions, enabling the end product to exhibit dynamic
behavior. Based on the type of vitrimer being synthesized and
the desired properties of the material, the reactants used in
the process can be changed. A typical strategy, however, is to
use multifunctional monomers with reversible covalent
bonds. These monomers can undergo exchange reactions
thereby allowing the material to create a dynamic network.
Reactants such as multifunctional epoxy monomers are
frequently utilized in the synthesis of vitrimers. In the
presence of a catalyst, epoxy functional groups (-O-CH,-CH,-
O-) in epoxy monomers can undergo ring-opening reactions.
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By introducing specific reversible bonds into the epoxy
monomers, such as disulfide bonds or boronic ester bonds,
the resultant vitrimer can exhibit dynamic properties.'*
Additionally, in vitrimer synthesis, multifunctional thiols,
amines, and acids can also be employed since they can take
part in reversible reactions with the epoxy monomer. These
reactants can enhance the vitrimer network's dynamic
behavior by adding more reversible bonds." The Diels-Alder
process is utilized so that reversible bonds can be
incorporated into the vitrimer network. Typical Diels-Alder
reactants include a diene and a dienophile. A cycloaddition
reaction between the diene and dienophile may produce a
reversible adduct. Diels's Alder reaction reactants include
1,5-cyclooctadiene, maleimide, and others.'® Furthermore,
transalkylation processes also involve the transfer of alkyl
groups between various compounds, resulting in the
formation of reversible bonds. One example of a reactant
used in transalkylation processes is a bisphenol monomer,
which contains two phenol groups susceptible of reversible
alkylation."”” In certain vitrimer systems, particular
exchangeable bonds are introduced to enable the material to
behave dynamically. For instance, disulfide bonds can be
inserted into the vitrimer network, which can then carry out
reversible disulfide exchange procedures, for example, a
multifunctional epoxy monomer with disulfide bonds.'®
Following the selection of the monomers, they proceed
through a preparation step in which the required reactive
functional groups are added via synthesis or modification.
This step ensures that the monomers have the required
chemical structure and reactivity for subsequent
polymerization. The next crucial step is the selection of
catalysts or triggers that facilitate the exchange or
rearrangement of covalent bonds within the network. The
choice of catalysts or triggers is dependent on the specific
dynamic bond chemistry involved in the vitrimer system.
Examples include the use of thermal energy in Diels-Alder
processes or transition metal complexes in disulfide exchange
reactions.'® An additional crucial step in the synthesis of
vitrimers is the choice of appropriate solvents. Solvents are
selected based on their compatibility with the monomers,
catalysts, and triggers, as well as their ability to dissolve the
reactants and facilitate effective mixing. The chosen solvents
must be capable of dissolving the monomers and provide a
favourable environment for the subsequent polymerization
reactions.”® Depending on the vitrimer system, a different
polymerization technique such as crosslinking processes,
chain-growth polymerization, or step-growth polymerization
may be used; this process results in the formation of a
crosslinked vitrimer with robust covalent bonds, which
contributes to the unique properties of vitrimers.*"

The properties of the vitrimer may also be further
improved by using processes such as annealing, curing,
shaping, or other techniques, which in turn optimize the
crosslinking and dynamic bond rearrangement within the
vitrimer network. These steps in the processing process are
essential to obtaining the necessary mechanical strength,
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shape-memory qualities, self-healing capacities, and other
relevant  properties.”>  Additionally, application-specific
modifications can be made to tailor the vitrimer formulation
and synthesis to match the special needs for a certain
application. In order to improve particular qualities or
functionalities, adjusting the monomer composition and
crosslink density or incorporating additives or fillers is
usually applied (Fig. 1).**

Finally, ongoing research and development efforts
continue to explore new trimer-related chemistries,
techniques, and applications. Investigating novel monomers,
catalysts, and triggers, and developing innovative synthesis
techniques are all part of this effort to expand the utility of
vitrimers in various fields. The detailed explanation provides
readers a comprehensive grasp of the synthesis of vitrimers
and emphasizes the significance of each step in achieving
the desired properties and performance of these dynamic
polymer materials.*> Due to the development of new
synthesis methods and novel reactants, vitrimer research is
thus still growing. Depending on the desired properties of
the vitrimers and the objectives of the research or
application, several particular reactants may be selected.
Fig. 2 illustrates the schematic diagram for the synthesis of
vitrimers, which incorporates all of the aforementioned
stages.

2. Synthesis methods of vitrimers
based on the monomer type

Vitrimers are classified into various types. This review focuses
on the classification of vitrimers according to the various
monomers required for synthesis. Different forms of
vitrimers are generated with various connections when a wide
range of monomers are changed. According to the type of
monomer employed in the synthesis, there are various types
of synthesis procedures.

2.1 Direct copolymerization method

Direct copolymerization is an interesting process for the
construction of dynamic networks because it is possible to
obtain the desired structure in a single step with precisely
defined molar mass, chemical composition, and chain
architecture. However, this approach is only applicable in
certain circumstances. For instance, polyolefin-based materials
for the production of multifunctional polymers necessitate a
balance between the chemistry of the exchangeable linkage,
the reactive species, and the polymerization conditions.® The
efficiency of the catalytic system is another problem with the
direct synthesis of polyolefin vitrimers. Although coordination
catalysts and late transition-metal catalysts have substantially
less polar functional group tolerance, the former are renowned
for their incredibly high stereoselectivity, excellent control over
molar mass, and exceptional catalytic activity. Additionally,
being more tolerant of functional monomers, the latter group
has shown considerably lower reaction yields. They use ligands

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Vitrimers as bridge materials between thermoset and thermoplastic materials.

General Scheme for synthesis of Vitrimers

e

: Selection of Monomers based
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i on it.

&
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and Ionic solvents
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Catalyst such as HC, Zinc acetate,
metal complexes, amines, organic dyes
7 \ \\can trigger the rate of reaction
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and promote bond

rearrangement .

Synthesised Vitrimer

Fig. 2 General scheme for vitrimer synthesis: copolymerization and post-polymerization methods followed by a curing process to obtain the

synthesized product.

based on di-imine and either Ni(u) or Pd(u) as the metal center.
Additionally, copolymerizing polar monomers like acrylates
with olefins invariably results in a variety of short and long
branches and high yields."!

2.2 Transesterification method

Transesterification synthesis is a widely employed method for
the preparation of vitrimers. This involves the exchange of ester
groups within the polymer network, resulting in the dynamic
covalent bond formation that imparts the material's unique

© 2024 The Author(s). Published by the Royal Society of Chemistry

properties.”® The ester groups in the polymer backbone are
exchanged for new ester groups during the transesterification
process. This exchange results in a rearrangement of the
polymer network because older ester linkages are broken and
new ones are formed.”® The reaction occurs in the presence of
catalysts and at high temperatures. The transesterification
synthesis of vitrimers has garnered much attention in recent
years due to its ability to produce materials with unique and
desirable properties. In the transesterification synthesis of
vitrimers, a wide range of monomers is used to introduce the
ester groups necessary for the dynamic covalent bond
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formation. The choice of monomers plays an important role in
determining the properties and performance of the resulting
vitrimer material.’

Vitrimer fabrication using dynamic transesterification
(DTER) through ester bonds and hydroxy groups has been
extensively studied. This is primarily due to two reasons.*
Firstly, this mechanism is applicable to various
thermosetting polymers that are commercially available,
particularly epoxy resins which are widely used. Secondly, the
DTER reaction occurs at relatively high temperatures (>120
°C), allowing for the development of solid polymers with high
temperature tolerance.* Recently, this mechanism has been
used to create many thermoplastics such as polybutylene
terephthalate (PBT), polyethylene (PE), polylactic acid (PLA),
etc. These studies extend the vitrimer impression to the realm
of conventional plastics, opening up new possibilities for a
wider range of applications.*’

In addition, DTER reactions increase temperatures, modify
the network structure, and cause thick and bending of
materials. The rate of DTER can be analysed by measuring
stress relaxation, which quantifies the decline in internal
tension over time caused by a fixed deformation.'® The
phenomenon of stress relaxation is commonly seen in linear
polymer materials due to the movement of molecular
segments. Traditional thermosetting polymers, which are
made up of covalent connections that are resistant to heat,
only show a restricted ability to release stress. This limited
stress relaxation is influenced by physical interactions such as
hydrogen bonding and physical entanglement, as well as
factors like crosslink density and free volume.'®** Polymer
structures with a higher number of chemical connections,

View Article Online
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reduced crosslink density, and increased free volume
demonstrate a propensity to relax at a faster rate.>*>* Some
examples of monomers commonly used in transesterification-
based vitrimer synthesis are indicated in Fig. 3(a).

Lignin, which may be found in a wide variety of plant
species, is the natural polymer that comes in second place in
terms of abundance. In 2018, Zhang and colleagues created
lignin-based vitrimer materials by reacting ozonated lignin
(Oz-L) with epoxy produced from sebacic acid (Se-EP) in a
catalytic amount of zinc acetate. The tensile strength,
modulus, and T, of the lignin vitrimer were all improved by
increasing the lignin content. On the zinc acetate as a catalyst,
transesterification exchange reactions (TERs) can be effectively
generated.” The results suggested that as the temperatures
exceeded 160 °C, the lignin vitrimer displayed rapid stress
relaxation in the crosslinked network, which results in superior
shape-changing, malleability properties, shape-memory, self-
healing, etc. Additionally, these lignin-vitrimers are used as
adhesives. When these materials possessed aluminium sheets,
the Se-EP/Oz-L adhesive failed cohesively, and the lap-shear
strength was evaluated to be 6.3 MPa. This work presents the
development of a bio-inspired vitrimer using a simple but
adaptable methodology, as well as the possible application of
vitrimer materials as recoverable adhesives (Fig. 4)."**

Engineered plastics made from fossil fuels can be replaced
by circular materials made from biomaterials, but industrial-
scale production demands rapid and resource-efficient
synthetic techniques. Here, a sequence of lignin-based
vitrimers with a gel content greater than 95% are effectively
made in a one-pot method and thermally activated. Softwood
kraft lignin (SKL) is added to a “click” reaction to

(a)
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Fig. 3 Examples of monomers used in the (a) transesterification, (b) disulfide linked, (c) imine linked, and (d) boronic exchange mechanisms for

vitrimer synthesis [3-29].
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Fig. 4 Schematic of lignin-based vitrimers (PDV-SKL) and their recovery through catalyst-free dynamic acetal exchange reactions.?> Adapted

under a Creative Commons Attribution License 4.0 (CC BY 4.0).

poly(ethylene glycol) divinyl ether (PDV) without using a
catalyst, as shown in ref. 26. The vitrimers are formed on
dynamic acetal covalent networks. By changing the lignin
content from 28 to 50 weight percent, it was demonstrated
that the mechanical properties of vitrimers could be altered
throughout an extensive range.” The tensile strength and
elongation at break of the vitrimer with the lowest lignin
content (28 wt%) were 3.3 MPa and 35%, respectively, while
these values were 50.9 MPa and 1.0% for the vitrimer with
the highest lignin content (50 wt%). These vitrimers also
demonstrated outstanding performance as adhesives for
numerous substrates such as aluminium and wood, with a
lap shear test strength of 6.0 and 2.6 MPa. Additionally, over
90% of the adhesion performance of the vitrimer adhesives
was preserved during recycling, contributing a promising
opportunity for their use in circular materials.>®

Researchers have recently begun to pay more attention to
green materials because they offer promising bio-based raw
materials, which can be used to make vitrimeric materials
that are both affordable and sustainable. There have been
recent claims of reusable and recyclable green vitrimeric
mixtures. Materials like cellulose, chitosan, chitin, and other
materials will not only assist in lowering the cost of the
product but also make it simple to expand the uses of
vitrimers in many industries.>” Zhao et al fabricated a
vitrimer from in situ polymerization of bis (6-membered
cyclic carbonate) (BCC) and 1,3-propanediol (PD). Under ideal
circumstances, materials based on transcarbonation
exchange exhibit self-healing and reprocessing behavior,
which are helpful for achieving recycling in safe
environments. They also exhibit excellent mechanical
properties. The vitrimer had a tensile strength of 42.7 MPa in
a 1/0.5 ratio of bis (6-membered cyclic carbonate) to

© 2024 The Author(s). Published by the Royal Society of Chemistry

1,3-propanediol (PD). Both form memory and self-healing
function with 70% efficacy at 150 °C. Additionally,
independently cut specimens were reconnected after being
heated at 170 °C for 2 h at 4 MPa, yielding an 80% healing

Photosynthesis 4
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Fig. 5 Schematic diagram for fabrication of a paper-reinforced
polycarbonate vitrimer.?” Copyright (2019), ACS.
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efficiency. Under benign conditions (I.M. HCI solution, 90 °C,
36 h), the material demonstrates complete recycling, and
natural cellulose and polycarbonate may be recovered via a
straightforward filtration procedure (Fig. 5).>’

Furthermore, recently in 2019 Zhao and co-workers
combined nanopapers containing cellulose nanofibrils (CNFs)
with vitrimer nanoparticle colloidal dispersions (VP) for the
first time to create mechanically coherent nanopaper materials.
Low glass transition was achieved utilizing transesterification
procedures, which were combined with hydrophobic vitrimers
consisting of fatty acids and polydimethylsiloxane (PDMS).>® By
increasing the vitrimer content, the total ductility is increased,
and the crosslinking and transesterification reactions are
activated to restore the stiffness. One of the primary issues with
CNF-based materials, their hydrophilicity, can be addressed
thanks to this interfacial crosslinking, which has been
highlighted by mechanical tests and microscopy. The addition
of a hydrophobic vitrimeric phase shields CNFs from water
interactions and thereby the system's water intake is kept to a
minimum and significantly increases its mechanical resistance.
The synthesis route of CNF vitrimers is shown in Fig. 6 given
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Disulfide exchange is a key process involved in the
amalgamation of vitrimers. In disulfide exchange synthesis,
sulfur atoms are exchanged across various polymer chains
which results in breaking and reformation of S-S linkages.
The disulfide exchange reaction in vitrimer synthesis offers
several advantages.” Firstly, it enables the material to be
reshaped, allowing it to be molded or reprocessed into
different shapes and forms. Secondly, it facilitates the repair
of damaged or broken parts by simply heating and rejoining
the fractured sections. Additionally, because the polymer may
be depolymerized and reassembled into new products, the
disulfide exchange reaction's reversible nature makes it
possible to recycle vitrimer materials.’® In the disulfide
exchange reaction, different monomers with disulfide
functional groups are used to synthesize vitrimers. These
monomers serve as building blocks for the polymer backbone
and provide the necessary dynamic bonding sites for the
exchange process. Some commonly used disulfide-containing
monomers are shown in Fig. 3(b).

below. This can be effectively used to produce switchable and In recent research in 2023, bio-inspired disulfide
adaptive characteristics in bioinspired nanocomposites.*® vitrimers vitrimer made from diepoxy eugenol and
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Fig. 6 Synthesis route for CNF/vitrimer nanocomposites by aqueous mixing of PDMS-based low T, vitrimer nanoparticles (VP) with CNFs.*®
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cystamine via the epoxy-amine polycondensation method.
To boost the crosslinking density within the material, tris(2-
aminoethyl)amine (TREN) was used into the formulation in
various amounts. Even though TREN decreased the amount
of disulfide groups in the vitrimers, the relaxation rate was
recorded at its highest at a 25% proportion. The materials
that were created demonstrated high thermal stability (Tyo,
% > 210 °C) and T,s ranging from 74.9 °C (for the 100%
Cys material) to 102.9 °C (for the 50% Cys material).*’ The
disulfide bonds in cystamine promoted the exchange
reaction, and the addition of TREN accelerated the exchange
rate. Over the course of less than 8.5 minutes, all materials
rapidly release 63% of the initial stress. It is interesting to
note that the material with higher relaxation rates is not
necessarily the 100% Cys material. The exchange process
was catalyzed by the addition of TREN and the resulting
increase in tertiary amines in the crosslinked structure. The
75% Cys material, which likewise had the quickest relaxing
rate of 63% in just 1.03 min, balanced the S-S bond and
tertiary amine ratios. These findings imply that the vitrimers
made from DEPOEU-based materials have tremendous
potential for use as coatings, adhesives, and composite
materials.**

Krishnakumar et al. [2020] created a multifunctional
catalyst-free disulfide exchange promoted epoxy/PDMS/GO
nanocomposite that offers a novel method for obtaining a
lower temperature self-healing material, which is currently of
focus. In this study, epoxy vitrimers containing
polydimethylsiloxane (PDMS) and graphene oxide (GO) - with
the help from disulfide exchange - were used. The synthesis
route of the epoxy-PDMS-GO nanocomposite is shown in
Fig. 7. Certain mechanical parameters of the epoxy vitrimer
were examined after addition of PDMS and GO nanofillers,
which results in variation in mechanical strength, strain at
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break, and modulus. The pristine epoxy (EP-p) specimen
exhibits healing behaviour at 80° C for 5 min, whereas
specimens EP-2 and EP-2-0.5 exhibit healing at 60° C for 5
min. In addition, the measured flexural modulus is useful for
quantifying the mechanical characteristics and healing
effectiveness due to a decline in flexural modulus after each
cycle of healing. Overall, the combination of thermoset and
thermoplastic properties in vitrimeric materials has
contributed to polymeric research.*”

Similar work was done in 2022 by Kim and co-workers,**
who created self-healing S-vitrimers that are epoxy-based
vitrimers without the use of a catalyst. Three control
experiments were conducted to look at the variables
influencing self-healing behavior. Control experiments
showed that despite the S-vitrimer's ability to repair itself
predominantly through a disulfide exchange reaction,
hydrogen bonds also play a part in the process. The results
indicate that the S-vitrimer healed more effectively when
treated for a longer period and at a higher temperature. The
S-vitrimer showed an 80% healing efficiency, especially after
96 hours of healing at room temperature. The S-vitrimer also
demonstrated an 80% healing efficiency after being exposed
to 60 °C for 48 hours. Therefore, the disulfide exchange
vitrimer can be demonstrated to be a self-healing matrix.

2.4 Imine exchange

Imine exchange vitrimers are a class of dynamic covalent
polymers that possess the ability to undergo bond exchange
reactions through imine linkages. The key feature of imine
exchange vitrimers is their dynamic covalent chemistry.>
Imine linkages are formed by the reaction between an amine
(NH,) and a carbonyl (C=0) functional group, resulting in a
carbon-nitrogen double bond (C=N). The imine exchange
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Fig. 7 Synthesis method cum route for epoxy-PDMS-GO nanocomposite synthesis under certain experimental conditions.?® Adapted under a
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reaction involves breaking and reforming these C=N bonds,
enabling the material to rearrange its structure and
properties under external stimuli.** Some of the monomers
used for the imine exchange reactions are shown in Fig. 3(c).

A solvent-free, bulk polymerization environmentally-
friendly approach to producing a sequence of partially bio-
based, resilient, and versatile poly(amide-imine) vitrimers
have also been made.”> These novel poly(amide-imine)
vitrimers exhibited a unique blend of remarkable mechanical
properties, thermal stability, and deformation resistance,
which were achieved by incorporating dynamic covalent
networks of amide bonds. The abundance of H bonds and
the presence of amide bonds from hexanedioxamide-diester
(HDODE) impart a subtle crystalline structure to the
crosslinked P(Am-In)s.** The tensile strength and Tse, of
P(Am-In)s show a notable improvement when going from
P(A0I3) to P(A1.5I1.5), increasing by 132% and 17.2 °C,
respectively, and reaching peak values of 45.1 and 2.6 MPa
and 298.0 °C. Due to the presence of H-bonds, P(A1.5I1.5)
also exhibits a higher creep resistance compared to P(A0I3),
with the former demonstrating zero creep at 60 °C and the
latter experiencing 14% creep at a lower temperature of 30
°C. The incorporation of dynamic imine bonds shows good
reprocessability, self-healing capabilities, and degradability
upon the poly(amide-imine) networks. However, the recycled
P(Am-In)s display unsatisfactory tensile properties, especially
after the second reprocessing, imposing limitations on their
potential reutilization. To address this concern, investigating
the impact of crystallization on stress relaxation and
exploring the synergistic interplay between amide and imine
bonds hold promising avenues. This study aims to provide a
ground-breaking design method for polyimine vitrimers by
improving the tensile properties of recycled P(Am-In)s,
paving the way for impactful practical applications.**

Furthermore, in the year 2018, Thomas Vidil and co-
workers®®> synthesized imine exchange poly(ethyleneimine)-
based vitrimers. These include mono and diglycidyl ethers.
These vitrimers are made by reacting poly(ethyleneimine)
with either aldehydes or ketones. They have been shown to
have good thermal stability, mechanical properties, and
shape-memory properties. Another example of an imine
exchange vitrimer is poly(4-vinylpyridine) in which the imine
exchange reaction between poly(4-vinylpyridine) and
aldehydes or ketones is reversible. Hence, the vitrimer can be
melted and re-solidified without breaking down. This makes
it a promising material for applications where shape-memory
or self-healing properties are desired.*® In conclusion, imine
exchange vitrimers represent an exciting and promising class
of materials with a broad range of applications. Their
dynamic covalent chemistry, self-healing, recyclability,
tunable mechanical properties, and shape memory effects
make them attractive for industries seeking advanced
materials with improved performance and sustainability. As
research in this field continues to progress, we can expect
further innovations and novel applications for these
intriguing materials.*®
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2.5 Boronic ester exchange

Boronic  esters can undergo a reaction called
transesterification, in which the alcohol group of one boronic
ester is exchanged for the alcohol group of another boronic
ester catalyzed by acids or bases. When a network of boronic
esters is heated, the transesterification reaction can occur,
which allows the network to be remolded or repaired.
Fig. 3(d)*® shows the monomers used for the synthesis using
the boron ester exchange method.>” In recent work boronic
ester’® based vitrimers have been synthesised using
transesterification process. The vitrimer made from diphenyl
boronic acid reacted with diols resulting in a polymer with a
high degree of dynamic crosslinking. This allowed the polymer
to be remolded or repaired when heated. The vitrimer could
be remolded at temperatures above 100 °C. They also showed
that the vitrimer was repaired by heating it to 150 °C and then
applying pressure. They came to a conclusion that the vitrimer
was a promising new material with potential applications in a
variety of fields, including adhesives, composites, and soft
robotics.’” Polymers containing boron have a wide range of
uses due to their distinctive characteristics. The use of
reversible B-O linkage in organoboron species allows for the
efficient production of several self-healing/healable and
reprocessable polymers. Due to their water instability, the
boron ester or boroxine linkages in polymers have a limited
range of applications.’® Based on these exchange reactions,
examples of bio-vitrimers are listed in Table 1.

2.6 Vitrimers with supramolecular exchanges

Dynamic covalent exchange bonds employed in vitrimers
have the ability to incorporate multiple types of dynamic
exchange bonds, which can be either covalent or non-
covalent. This feature provides several benefits to the
network.'® These factors encompass accelerated stress
relaxation, heightened resistance to creep or tension, and the
ability to respond to various stimuli or even govern
dynamism in a perpendicular manner. Vitrimers contain two
categories of dynamic covalent exchange bonds.”®

2.6.1 Vitrimers with dual dynamic covalent exchange
bonds. Dual dynamic covalent bonding in vitrimers involves
the integration of multiple reversible chemical connections
into the polymer network, allowing for the dynamic exchange
and rearrangement of the material's structure.'® This method
improves the adaptability and effectiveness of the material by
merging the beneficial characteristics of several covalent
connections.*” Below is an elaborate elucidation of the
concept of dual dynamic covalent bonding in vitrimers.
Conventional vitrimers utilize only one specific sort of
covalent bond, such as transesterification or disulfide
exchange, to create their dynamic properties. Dual dynamic
covalent bonding expands on this idea by integrating various
forms of reversible bonds into the polymer network.®>*>°
Recently, a new hardening agent was obtained by integrating
disulfide and imine bonds by the Schiff base reaction (4-AFD-
VAN).>” This hardener was then used to create an EP vitrimer
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Table 1 Classification of vitrimers on the basis of monomers and the reaction type with desired properties

S. no. Vitrimer type Monomers Reaction Properties References
Lignin-based epoxy Glycidyl etherified enzymatic hydrolysis Transesterification ~ Elongation at break decreased 39
vitrimers lignin (GEL)/diglycidyl ether bisphenol A reaction from 301.1% to 182.6%

(DGEBA) with dodecanedioic acid as a Tensile strength increased
curing agent in the presence of a zinc from 4.9 MPa to 16.4 MPa
catalyst Mechanical properties

Self-healing and reprocessing
Shape memory

TOTGE-CA vitrimers Tung maleic triacid (TMTA) derived from 1. Esterification Tensile strength of 47.05 + 40
tung oil (TO) was epoxidized, and reaction 1.52 MPa
TO-based triglycidyl ester TOTGE with 2. Diels-Alder
terminal epoxy groups was obtained reaction
3. Epoxidation T, value of 85.5 °C
reaction Good self-healing

Physical recycling
Chemical degradation
Recycling and shape memory

properties
Bio-based vitrimer-like ~ Castor oil, vanillin, m-xylylene diamine and Imine exchange Superior mechanical 39
polyurethane 4,4'-dicyclohexylmethane diisocyanate reaction properties

Good solvent resistance
Good thermal stability
Excellent reprocessability
Rapidly degradable and
antibacterial properties

Fully bio-based epoxy Ferulic acid-based hyperbranched epoxy Dynamic High tensile strength (126.4 40
vitrimers resin transesterification MPa)
T, (94 °C)

Fast stress relaxation (a
relaxation time of 45 s at
140 °C)

Retention of tensile strength
(above 88.3%) upon recycling

Excellent weldability,
malleability, and
programmability
Acylhydrazone Glycidyl vanillin and aliphatic dihydrazides Imine metathesis High T, and fast relaxation 41
vitrimeric of different chain lengths based on poly(acylhydrazone)

Very short relaxation times
Good recycling and
self-healing abilities
Hydrolyzed in an acidic

medium
Biobased polyimine Di- and trifunctional polyetheramines and Imine exchange Good stability in neutral and 42
elastomeric vitrimers a furan-based dialdehyde reactions basic solutions due to their

cross-linked structures
Completely dissolved in acidic
solution due to the
acid-catalyzed hydrolysis of
imine bonds

Reduce the relaxation time to
improve processability and
recyclability, but they also
lead to a higher creep
deformation, which can be a
severe drawback for industrial
applications

High thermal stability,
tunable mechanical
properties, and interesting

reprocessability
Biobased epoxy vitrimer Glycerol triglycidyl ether (Gte) and an Amine-imine Young's modulus of 1.6 GPa 43
(Gte-vA) imine-containing hardener (VA) reversible exchange  and tensile strength of 62
reaction MPa
Excellent reprocessability,
recyclability

UV shielding performance
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Table 1 (continued)
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S. no. Vitrimer type Monomers Reaction Properties References
Polyester B-Activated ester-based vitrimers that can ~ Transesterification ~ Adequate tensile strength 21
be thermally reprocessed at ~150 °C under (11.3-33.0 MPa), elongation
catalyst-free conditions are reported (80-290%), and resilience
Self-healing, recycleable, and
reprocessing
Polylactide based Hydroxyl-terminated star-shaped Transesterification ~ Fractures in uniaxial tensile =~ 44
vitrimers poly-lactide samples that were cross-linked testing were healed by
with methylenediphenyl diisocyanate compression molding and
exhibited up to 67% recovery
of ultimate elongation, up to
102% recovery of tensile
strength, and up to 133%
recovery of tensile modulus
values
Catalyst-free Six-membered cyclic carbonates and Transcarbamoylation Mechanical properties 45

polyhydroxyurethane
vitrimers

Dioxaborolane-based
polyisoprene vitrimers

Reprocessable-acid
degradable
polycarbonate vitrimers

Polyurethane vitrimers
from chemical recycling
of poly(carbonate)

Vinylogous
urethane/urea vitrimers
derived from aromatic
alcohols

Polydimethylsiloxane

(PDMS)

Poly(hexahydrotriazine)
(PHT)
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amines

Polyisoprene was then transformed into a
vitrimer by reactive extrusion, either in the
presence of mono-azidoformate
dioxaborolane and subsequent crosslinking
with bis-dioxaborolane, or in a single step
using a bis-azidoformate dioxaborolane
crosslinker

Hydroxyl-functionalized polycarbonate
networks that undergo the reaction at
elevated temperatures in the presence of
catalytic Ti(v) alkoxides

Hydroxyl
N,N'-diphenylene-isopylidenylbiscarbamate
(DP-biscarbamate), containing phenolic
carbamate

2,2,6-Trimethyl-4H-1,3-dioxin-4,
bisphenol-A, resorcin, 2,7-naphthalenediol,
and 1,1,1-tris(4-hydroxyphenyl)ethane are
introduced as raw materials for vinylogous
urethane vitrimers

Catalyst-free network with
poly(dimethylsiloxane)etherimide
(PDMS-NH,), terephthalaldehyde (TA), and
tri(2-aminoethyl)amine (TREA)

Amines and aldehydes/ketones

Reactive extrusion

Transcarbonation
exchange reaction

Grinding and
compression
molding

Fast condensation
and substitution
reactions

Condensation
reaction

Transamidation

competitive with traditional
PU thermosets, reconfigurable
Reshaping and repair that
will enhance their long-term
utility

Thermosets with outstanding
properties

Show excellent creep 45
resistance at room
temperature and present good
mechanical properties

Repairable polymers with 46
more facile end-of-life
degradation compared to

other vitrimers and

conventional thermosets
Polyurethane vitrimers 47
exhibited superb mechanical
properties including 14.9 MPa
and over 3000% elongation at
break. Furthermore, these PU
vitrimers featured low

activation energies of
approximately 95 kJ mol™

and a dissociation

temperature of 120 °C due to

the presence of phenolic-
carbamate groups from

recycled moieties

Short stress-relaxation times 48
of up to 0.7 s at 130 °C

Activation energies of ca.

45-150 kJ mol*

Reprocessing, reshaping,
shape-memory and

self-healing properties

Malleable and capable of 49
self-healing, mechanical
properties, and

breaking/mold pressing

cycles. Particularly, besides
heating, this vitrimer-like

PDMS can also be recycled

and reshaped

Self-healing capabilities 50
Thermally reprocessable

High mechanical strength
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Table 1 (continued)

S. no. Vitrimer type Monomers Reaction Properties References
Polythiourethane Polythiol and diisocyanates Thiol-isocyanate Excellent self-healing 51
vitrimers exchange capabilities,

Enhanced mechanical

properties

Chemical resistance
Polybenzoxazine Isosorbide and 4-hydroxy propionic acid, Solvent free Fischer = High thermal stability 52

paraformaldehyde, mono-ethanolamine

Poly oxime ester

vitrimers and oxime groups

with dual-dynamic covalent links. In comparison with the
vitrimer containing a single disulfide (EVP-4-AFD), the EP
vitrimer developed (EPV-4-AFD-VAN) demonstrated a reduced
activation energy and a more rapid stress relaxation. In
addition, EPV-4-AFD-VAN exhibited a maximum tensile
strength of 71.5 MPa and maintained a recovery ratio of
around 90.0% throughout the course of three cycles. EPV-4-
AFD-VAN, like conventional thermoset EP, has excellent
solvent resistance, high breakdown strength, and favourable
dielectric characteristics.>”

In other studies, aliphatic and aromatic glycidyl esters
have been cured using amine-curing agents that include
disulfide bonds.*®>® This process results in the creation of
dynamic hydroxyl esters. In addition to the hydroxyl esters
that are produced, the cross-linked network also
incorporates dynamic disulfide bonds to create dual
dynamic vitrimers. The produced glycidyl esters have a
significantly enhanced curing reactivity as a result of the
reduced activation energy. Furthermore, the process of
enhancing and strengthening is accomplished by
incorporating aromatic glycidyl esters into dual dynamic
vitrimers, without compromising the ability to cure and
reprocess the material. The dual dynamic vitrimers
demonstrate  superior reprocessing capabilities and
distinctive rheological properties when compared to single
dynamic vitrimers. This is attributed to the exchange
reactions between  transesterification and  disulfide
exchange that occur at elevated temperatures. As a result,
they can be reprocessed in just 5 minutes at a temperature
of 180 °C.**

2.6.2 Additional non-covalent interactions. In addition to
dual dynamic networks, vitrimers can have dynamic
covalent exchange bonds and non-covalent interactions like
metal coordination, pi-pi stacking or hydrogen bonding.
Researchers have investigated the possibility of enhancing
the creep resistance of vitrimers by incorporating some
permanent cross-links into the material.’® Nevertheless, the
addition of an excessive number of permanent covalent
cross-links would make the polymer incapable of being
recycled.®® For instance, in recent work transesterification

© 2024 The Author(s). Published by the Royal Society of Chemistry

Polyol, multifunctional carbonyl compound

esterification Flame retardant

Good mechanical strength
Condensation Dynamic reversibility 53
reaction Thermal reprocessing

Good mechanical strength
Chemical resistance and
potential for self-healing

vitrimers containing up to 40 mol% of crosslinks exhibited
complete reprocessability and more than 65% resistance to
creep. However, when the number of permanent crosslinks
was increased to 60 mol%, the reprocessability of the
material deteriorated.®’

Incorporating expendable hydrogen bonds into these
networks can enhance the mechanical properties of the
vitrimers. In recent work, new vitrimer have been
synthesised by including expendable hydrogen bonds and
exchangeable B-hydroxyl ester connections into the vitrimeric
network.®” The bonds and connections were formed by
utilizing sebacic acid as a cross-linker with ENR, and to
commence the simultaneous grafting with N-acetylglycine
(NAg) by the chemical interaction between epoxy and
carboxyl groups. By using different weight ratios of NAg
compared to ENR, ranging up to 8 wt%, the recovery ratios
of the initial mechanical parameters are remarkably high,
with a value of 90%.°® In addition, stress-strain curve
investigations have demonstrated that the mechanical
properties of the vitrimer with 4 wt% NAg are well-preserved
even after being recycled once, twice, or three times, in
comparison with ENR. The exceptional outcomes of the
mechanical property experiment are attributed to the
sacrificial and reversible characteristics of hydrogen bonds,
which effectively disperse substantial mechanical energy
during stretching.”®

The combination of two crosslinking systems in vitrimers
result in synergistic effects, leading to notable
improvements in mechanical strength, creep resistance, and
solvent resistance."®®' In order to create a highly efficient
dual cross-linked dynamic system, it is advantageous to
incorporate two reversible bonds with significantly differing
activation energies (active temperatures). Considering the
external stimuli-responsiveness characteristics of vitrimeric
materials, it would be desirable to incorporate two
exchangeable bonds that individually respond to different
stimuli,* enabling the resulting vitrimers to adjust
attributes in a customized manner. Furthermore, it is
imperative to have a strong compatibility between the two
crosslinking systems.

will
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3. Properties of vitrimers suitable for
biomedical applications

The distinct properties of vitrimers render them exceptionally
valuable for a variety of biomedical applications. With their
inherent biocompatibility, especially when derived from bio-
based sources, vitrimers offer a safe and harmonious
interaction with biological systems, making them ideal
candidates for implants, drug delivery systems, and tissue
engineering.®**® Their remarkable self-healing capabilities
hold significant potential in extending the lifespan of
biomedical devices, as implants and other components
autonomously mend minor damage over time, reducing the
need for frequent replacements and associated invasive
procedures. Additionally, vitrimers' recyclability addresses
the issue of medical waste, enabling the creation of reusable
devices that can be reprocessed multiple times and
promoting sustainability within the healthcare industry.>**

The shape memory attribute of vitrimers presents
opportunities for minimally invasive interventions, where
devices can be inserted in a compact form and then transform
into their intended shape inside the body, reducing patient
discomfort and recovery time.®” Furthermore, regulated
medication administration is made possible by vitrimers'
receptiveness to environmental triggers, such as changes in
temperature or pH, which enhances therapeutic precision and
minimizes side effects. The customizable mechanical and
chemical properties of vitrimers allow for the tailored design of
materials that closely match the characteristics of specific
tissues, facilitating best possible cell growth and tissue
regeneration in applications like tissue engineering.**® By
integrating vitrimers into smart implants and medical devices,
it is now possible to create advanced solutions that can adapt
to physiological changes, offer real-time monitoring, and
transmit vital patient data for more personalized and effective
healthcare.*”*® This convergence of properties also holds
promise for reducing the frequency of surgical interventions,
particularly for materials like sutures that possess both self-
healing and shape memory capabilities, thereby diminishing
the risks associated with repeated surgeries. Essentially,
vitrimers are versatile and innovative materials that have the
potential to revolutionize many aspects of the biomedical field,
from improving patient care to promoting sustainability and
innovation in medical technology.*"**>°

3.1 Recycling and self-healing ability

Vitrimers show recycling and self-healing ability because
they have dynamic covalent bonds. This means that the
bonds in the polymer can be broken and reformed, which
allows the polymer to be remolded or repaired. The
dynamic covalent bonds in vitrimers are typically based on
reversible reactions, such as transesterification or thiol-ene
click chemistry.®® These responses are triggered by heat,
light, or other stimuli. When the bonds are broken, the
polymer can be remolded or repaired. Once the bonds are
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reformed, the polymer regains its original properties. The
recycling and self-healing abilities of vitrimers make them
promising materials for a variety of applications.®® For
example, vitrimers could be used to make recyclable
plastics, self-healing adhesives, and soft robots.®® A eugenol-
based boronic ester vitrimer was made using the renewable
resource diols from eugenol and a diphenyl boronic acid.
Although the resulting polymer is highly crosslinked, the
bonds that connect the crosslinks are dynamic. This, when
heated to 150 °C, allows the polymer to remold or mend by
pressing. This boronic ester vitrimer based on eugenol is a
sustainable material choice because it is straightforward to
recycle. This boronic ester vitrimer based on eugenol can
also self-heal or recover after damage. Therefore, it is a
good material for applications where durability is
important.”® For instance, specific stimuli or even without
them can cause the intrinsic materials to self-heal
repeatedly. The self-healing material poly(propyleneoxide)-
based benzoxazine with various weight ratios of acid
functionalized benzoxazine. Utilizing a polydimethylsiloxane
matrix ~ containing  benzoxazines,  the  self-healing
characteristic of polybenzoxazines is based on metal-ligand
interactions and additional supramolecular attraction. The
same research team also discovered that polysulfone (PSU)
matrices can benefit from the use of benzoxazine
monomers as self-healing agents. Therefore, this biomaterial
has the potential to be exploited for enhanced applications
since the cytotoxicity value of the synthesized monomer was
so low at low doses.”’ The synthesis route is shown in
Fig. 8.

3.2 Covalent adaptable networks (CANSs)

The dynamic covalent adaptive network (DCAN) is a novel
paradigm that enhances thermosets' capacity for self-
healing. The DCAN accomplishes this through both
associative and dissociative exchange channels.> For
instance, a thermosetting material being self-healable based
on the thermo-reversible Diels-Alder reaction, in which
furan and maleimide moieties detach at higher temperature
and then reconstitute to the bicyclic Diels-Alder-product at
lower temperature.””> Numerous different chemistries that
induce significant changes in the flow of the material can
be used to repair thermosetting polymers. These chemicals
crosslink density to decrease nonlinearly with temperature.
These changes can then be reversed upon cooling, restoring
the material's strength.”> An associative dynamic covalent
adaptive network (ADCAN) has a more constant crosslink
density during bond exchange, as demonstrated during the
breaking and reformation of bonds, and this is because of
the fixed crosslink density. Additionally, compared to
dissociative dynamic covalent adaptive network (D.D.C.A.N)
exchanges, which exhibit the greatest change in the
macromolecular structure, these concurrent dynamic
exchanges' macromolecular structure alters very little while
their bonds are being exchanged.”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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caprolactone) vitrimer, and so on. The benefits of using
vitrimers that are made from renewable resources include:
they are more sustainable than vitrimers that are made from
fossil fuels. They are often biodegradable, which means that
they can be broken down by natural processes. They can be
produced using less energy, which reduces greenhouse gas
emissions.”” The intriguing class of materials known as
poly(lactic acid) (PLA) vitrimers combines the biodegradable
and renewable nature of PLA with the dynamic and
reprocessable characteristics of vitrimers. This is widely used
for sustainable packaging materials. PLA vitrimers could be
used to create flexible or rigid packaging materials with
improved reprocessability and durability. This would allow
for more efficient recycling and reduced environmental
impact compared to traditional single-use plastics. And also
in biomedical applications, PLA is already used in some
medical implants due to its biocompatibility. Incorporating
vitrimer properties could enhance the reprocessability and
reshaping capabilities of biomedical devices, potentially
reducing the need for replacements.** In another example,
poly(e-caprolactone) PCL with the idea of three dimensional
printing vitrimer ink was investigated and reported as a
reprocessable and novel category of vitrimers.®®> This may be
due to the fused deposition modeling based three
dimensional (FDM-3D) printing that is most widely available
for creating a vitrimer from poly(e-caprolactone). The
synthesis, repairability and recyclability of a novel class of
four dimensional printable vitrimers have been designed to
meet the environmental challenges.®® In order to maintain
poly(e-caprolactone) crystallinity and maximize
transesterification efficiency, the network components are
precisely regulated in the report. Importantly, it has been
demonstrated that the resulting urethane network-poly(e-
caprolactone) vitrimers exhibit rapid self-healing, are easy to
weld, and are repeatable. The printing and the extrusion-
based vitrimer are represented in Fig. 9.”°

3.4 Stimuli response

Vitrimers exhibit stimuli-responsive properties due to their
dynamic covalent bond exchange behavior, which allows
them to undergo reversible structural changes in response to
specific external triggers or stimuli. These properties make
vitrimers highly adaptable and versatile materials with a wide
range of potential applications.”” Vitrimers exhibit stimuli-
responsive properties due to their dynamic covalent bond
exchange behavior, which allows them to undergo reversible
structural changes in response to specific external triggers or
stimuli. In reaction to external stimuli including temperature,
light, electric or magnetic fields, pH, moisture, and
chemicals, smart polymers can change their forms,
dimensions, chemical compositions, and physical properties
in real time. They have attracted a lot of attention due to the
quickly rising demand for technology applications such as
actuators, sensors, and programmable medication delivery
systems. Researchers have begun to develop multi-stimuli
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responsive polymers (MSRPs) and multifunctional polymers
(MFPs) over the past ten years.”® Both anticipate the
materials' adaptability and capacity to grow in a variety of
applications. Despite the fact that both fields have made
considerable strides, they still have a common issue in that
there are usually just two or three stimuli or functionalities
available. The few exceptions are based on supramolecular
chemistry or gels. In addition to being inappropriate for use
as engineering materials, these materials are usually heat- or
solvent-sensitive.”® Photovitrimers are vitrimers that respond
to light and are used to create materials that change their
properties in response to light exposure. For example, a
photovitrimer is used to create a window that darkens when
exposed to sunlight, while thermovitrimers respond to heat
and are used to create materials whose properties alter in
response to temperature changes.

3.5 Shape memory

Vitrimers show shape memory properties because of their
reversible dynamic covalent bonds. These bonds allow the
vitrimer chains to be rearranged under an external stimulus,
which includes heat or light. Once the stimulus is removed,
the vitrimer chains return to their original shape. Two
external stimuli are necessary for one-way shape memory to
function. Two things are necessary for any shape
programming: the application of an external load and the
heat-cool cycle, which are both necessary for the material's
phase shifting and deformation, respectively.®” The geometry
of the objects is commonly modified just from batch to batch
on assembly and sorting lines. Because of their shape
memory ability, vitrimers are perfect for a wide range of
applications, including: surgical sutures with a heat-activated
tightening mechanism, as phase shifting materials in
robotics, recyclable plastics that can be returned to their
original shape after being melted down, and self-healing
materials that can repair themselves after damage.’"*
Vitrimers composed of bisphenol A glycidyl methacrylate
(BISGMA) monomers are an example of vitrimers that exhibit
shape memory properties. BISGMA-based vitrimers have a
high glass transition temperature and a low melting
temperature, which make them ideal for applications that
require shape memory. BISGMA-based vitrimers are made up
of two types of molecules: BISGMA and a reactive diluent. A
crosslinking agent called BISGMA forms a network of bonds
between the molecules. A chemical that can interact with
BISGMA to produce dynamic covalent connections is the
reactive diluent.*> When a BISGMA-based vitrimer is
deformed, the dynamic covalent bonds are broken. This
allows the molecules to move around and the vitrimer to
change its shape. However, the dynamic covalent bonds can
also reform over time, causing the vitrimer to return to its
original shape. The kind of reactive diluent employed can
affect the shape memory effect of vitrimers made from
BISGMA. Diluents with weaker dynamic covalent bonds will
reform more slowly, giving the vitrimer a longer shape

© 2024 The Author(s). Published by the Royal Society of Chemistry
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memory effect. Diluents with stronger dynamic covalent
bonds will reform more quickly, giving the vitrimer a shorter
shape memory effect.®> The polyurethane vitrimer is yet
another significant shape memory vitrimer. Polyurethane
vitrimers are made up of two types of molecules: isocyanates
and polyols. Isocyanates are molecules that have a reactive
group called an isocyanate group. Polyols are molecules that
have multiple hydroxyl groups. When isocyanates and polyols
react, they form a network of bonds between the molecules.*®
These bonds are dynamic covalent bonds, which means that
they can be broken and reformed under different conditions.
When a polyurethane vitrimer is deformed, the dynamic
covalent bonds are broken. This allows the molecules to
move around and the vitrimer to change shape.®?

3.6 Adhesive nature

Crosslinking agents and reactive diluents are the two types of
molecules that give vitrimers their sticky properties. The
crosslinking agent forms a network of bonds between the
molecules, while the reactive diluent can react with the
crosslinking agent to form dynamic covalent bonds. The
dynamic covalent bonds in a vitrimer can interact with the
molecules in the other material to cause a reaction.®* This
creates a strong bond between the vitrimer and other
materials effectively, thereby gluing them together. The
adhesive properties of vitrimers are controlled by the type of
crosslinking agent and reactive diluent used. Crosslinking
agents with more reactive groups will form stronger bonds,
while reactive diluents with weaker dynamic covalent bonds
will reform more slowly.** For example, epoxy vitrimers are
made up of epoxy resin and a reactive diluent. Epoxy resin is
a crosslinking agent that forms a network of bonds between
the molecules. The reactive diluent can react with the epoxy

View Article Online
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resin to form dynamic covalent bonds.®> When an epoxy
vitrimer is brought into contact with another material, the
dynamic covalent bonds can react with the molecules in the
other material. This creates a strong bond between the epoxy
vitrimer and the other material, effectively joining them
together. Epoxy vitrimers have good adhesive properties and
hence they are used in high-performance applications. They
are also relatively easy to process, which makes them a good
choice for a variety of applications.®® Another important
example was polyurethane vitrimers: polyurethane vitrimers
are made from isocyanates and polyols. Isocyanates are
molecules that have a reactive group called an isocyanate
group. Polyols are molecules that have multiple hydroxyl
groups.®> When isocyanates and polyols react, they form a
network of bonds between the molecules. These bonds are
dynamic covalent bonds, which means that they can be
broken and reformed under different conditions. When a
polyurethane vitrimer is brought into contact with another
material, the dynamic covalent bonds can react with the
molecules in the other material. This creates a strong bond
between the polyurethane vitrimer and the other material,
effectively gluing them together. Polyurethane vitrimers have
good adhesive properties used in soft robotics applications.
They are also relatively lightweight and flexible, which makes
them a good choice for these applications. The synthesis of
these adhesive vitrimers is represented in Fig. 10.%” Table 2
given below describes various bio-vitrimers classified on the
basis of monomers required and the suitable properties
associated with them.

3.7 Catalytic properity

Vitrimers possess exceptional adaptability and functionality
due to their catalytic feature, which arises from their dynamic
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Fig. 10 Schematic representation for evaluation of polyurethane vitrimers as adhesion materials for soft robotics applications.”® Adapted under a
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Table 2 Different types of lab synthesised vitrimers for biomedical and other applications

S.no  Vitrimer type Examples Applications Reference

1. Epoxy-based vitrimers Diels-Alder-based epoxy vitrimers Adhesives, coatings, composite materials 25
Anhydride-based epoxy vitrimers Resins, thermosetting materials

2. Polyurethane vitrimers Diels-Alder-based polyurethane vitrimers Foams, coatings, flexible materials 86
Disulfide-based polyurethane vitrimers Self-healing materials, adhesives

3. Polyester vitrimers Dynamic ester exchange vitrimers Fibers, textiles, packaging 87
Esterification-based vitrimers Films, adhesives, 3D printing

4. Polyimine vitrimers Schiff base-based vitrimers Coatings, membranes, drug delivery systems 42
Dynamic imine exchange vitrimers Self-healing materials, electronic encapsulation

5. Polysulfide vitrimers Disulfide exchange-based vitrimers Sealants, adhesives, elastomers 88

6. Silicon-based vitrimers Dynamic siloxane exchange vitrimers Optics, electronics, medical devices 47
Sila-Michael addition vitrimers High-temperature applications

7. Thermoplastic elastomers  Polyolefin-based vitrimers Elastomers, automotive parts, consumer goods 6, 24
Sulfur-containing thermoplastics Tires, footwear, automotive parts

8. Phenolic vitrimers Phenolic resin-based vitrimers Composites, insulating materials 47, 48
Reversible phenol-formaldehyde vitrimers ~ Thermosetting plastics, adhesives

9. Cellulose-based vitrimers Dynamic covalent cellulose derivatives Biodegradable materials, packaging 89

and reversible covalent bonds, having the ability to undergo
significant chemical rearrangements when exposed to specific
stimuli, with the help of -catalysts or environmental
conditions.”®® Han et al produced hyperbranched epoxy
(HBE) prepolymers and then reacted them with succinic
anhydride to create a catalyst-free epoxy vitrimer system. It
has been proven that the curing process during the
preparation of the cross-linked materials and the TER
(thermal expansion ratio) in the final cross-linked materials
occur correctly without the need for an external catalyst.”>"!
They linked this behavior to the many free -OH groups in
HBE, which act as both the reactive component and catalyst
in both the curing and TER processes. When the temperature
is higher than 120 °C, the TER is triggered to facilitate rapid
stress relaxation of the cross-linked network. Furthermore,
the epoxy vitrimers demonstrate glass transition temperatures
(Tgs) ranging from 70 to 96 °C, exceptional resistance to high
temperatures, and mechanical characteristics comparable to
those of conventional epoxy materials.”*

3.8 3D printers

3D printing is a highly accurate fabrication technology used
to build sophisticated 3D items with intricate geometric
shapes. Nevertheless, traditional 3D objects created using the
layer-by-layer = manufacturing approach had limited
mechanical durability, hence imposing constraints on their
practical application in engineering.®® The integration of 3D
printing technology and vitrimers enables the creation of
recyclable 3D devices that possess intricate structures and
precise control over the manufacturing process. This is
achieved without compromising the durability of the objects,
making them suitable for widespread use in different
industries such as actuator production, shape memory
polymers (SMPs), and electronic/optical materials.’>

Shi et al. developed a novel thermosetting vitrimer epoxy
ink and a 3D printing technique capable of producing epoxy
parts with intricate 3D shapes. During the initial printing
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phase, a thick ink is partially cured and then applied to
intricate 3D structures at a higher temperature.”® This is
followed by a two-step process of curing the ink in an oven.
In order to undergo recycling, the printed epoxy pieces are
completely dissolved in an ethylene glycol solvent within a
sealed container at an elevated temperature. The polymer
solution, which has been dissolved, is recycled for the
subsequent printing cycle under comparable printing
circumstances.®® This trial has shown that the ink possesses
capability of printing up to four times while maintaining
excellent printability. Furthermore, the vitrimer epoxy is
suitable for repairing 3D printed objects without the need for
applying pressure.”®

4. Progressive aspects for diverse
applications of vitrimers

In this section, we have discussed on-going research and
development activities on vitrimers around the world in
different fields.®® Some of the diverse applications of
vitrimers are discussed below to be taken into consideration
for their progressive aspects in the future:

e Materials science: to broaden the variety of uses for
vitrimers in sectors like automotive and aerospace,
researchers are now looking into new formulations and
processing methods. Vitrimers can be reprocessed without
losing their properties. They are thus a more environmentally
friendly substitute for conventional materials, which are
frequently difficult or impossible to recycle. They are also
self-healable after being damaged. This means that they can
repair themselves without human intervention. For
applications involving materials exposed to harsh
environments or that are vulnerable to deterioration, this
feature is valuable. Vitrimers also show good adhesive
properties, as discussed above. This makes them useful for
applications where materials need to bond and be
programmed to return to a specific shape after being
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deformed. This property is valuable for soft robotics and
medical implants.>®

e Coatings and adhesives: companies are investing in
research to optimize the performance of vitrimer-based
coatings and adhesives, enabling applications in areas such
as corrosion protection and bonding. They are widely used in
coatings and adhesives due to their self-healing properties.
Vitrimers can exhibit self-healing behavior due to their
reversible covalent bonds. When a coating or adhesive made
from vitrimers is damaged or cracked, the dynamic bonds
can rearrange and heal the material, restoring its integrity.®
This property is precious in applications where maintaining
structural integrity is crucial, such as automotive coatings or
aerospace adhesives. In addition, these vitrimers show
improved durability. The ability of vitrimers to heal
themselves leads to enhanced durability and longevity of
coatings and adhesives. This is especially advantageous in
environments with high mechanical stress, temperature
variations, or exposure to harsh chemicals. Likewise, they
have tailorable properties. Engineered vitrimers have specific
properties based on the choice of monomers and cross-
linkers. This allows for the customization of coatings and
adhesives to meet the exact requirements of a particular
application, such as desired adhesion strength, flexibility, or
thermal stability.®

e Electronics: researchers in the electronics industry are
integrating vitrimers into flexible and self-repairing electronic
components, which could lead to advancements in wearable
technology and flexible displays. They are exploring this
electronic industry because they contribute towards self-
healing electronics; the ability of vitrimers to undergo
reversible reactions and self-healing makes them valuable for
electronic components that may experience mechanical
stress, wear and tear, or damage during use.® Self-healing
properties can extend the lifespan of electronic devices and
reduce the need for repairs or replacements. They are good at
creating flexible and stretchable electronics. Vitrimers are
engineered to have flexible and stretchable properties,
making them suitable for applications where conformability
to irregular surfaces or mechanical flexibility is required. This
is particularly relevant for wearable electronics, flexible
displays, and other bendable electronic devices. An example
of this is the polyurethane vitrimer.”* In order to keep their
properties at high temperatures, vitrimer materials can
exhibit good thermal stability, which was demonstrated by
the fact that several vitrimers were thermally stable. This
quality is crucial for electronic components that could
produce heat while operating or be exposed to hot
conditions. An example of this is the epoxy vitrimer.”* Along
with this, researchers also continue to use these highly
flexible and self-healing materials in the automotive industry,
sports and recreation, consumer goods, and so on. Due to
their capacity for self-healing, which facilitates simple
recycling and reduces environmental impact in the near
future, they are also being investigated for wuse as
environmentally friendly materials.
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5. Challenges and future perspectives

Presently, to the best of the authors' knowledge designing
vitrimers with precise properties for specific applications is a
major challenge due to poor technical understanding. This
may be due to the poor availability of facts cum literature on
finding the right combination of monomers, cross-linkers,
and catalysts to achieve the desired performance
characteristics. Therefore, more knowledge is needed on
processing techniques and developing scalable and efficient
processing techniques for vitrimers, especially with complex
shapes and large-scale production as per the industrial need,
which is a major challenge in terms of their real-world
utility.®* Another challenge includes matching their standard
with thermosetting materials in terms of their mechanical
qualities, such as strength, stiffness, and toughness, which
restricts some high-performance applications. Controlling
the kinetics of the reversible reactions in vitrimers is another
crucial challenge for getting the best healing and processing
qualities in line with the reaction kinetics. It is a significant
difficulty, though, to balance the pace of the dynamic
bonding and debonding processes.®

Nevertheless, challenges like optimizing the balance
between dynamic behavior and mechanical strength, as well
as fine-tuning their biocompatibility, remain areas of active
exploration. Understanding the long-term stability and
degradation mechanisms of vitrimer-based materials in
various environments is crucial to ensuring their reliability
and durability in the future. Adding exchangeable covalent
connections to polymer networks is a great possibility for
their use in biological applications. Leveraging their
reversible bonds makes researchers envision smart drug
delivery systems that respond to specific physiological cues.
Additionally, the dynamic properties of vitrimers may help in
the development of self-healing materials, which is essential
for creating robust biomedical devices. Vitrimers are set to
transform the interface between materials science and
biology, providing new vistas for customized biomedical
applications as scientific understanding grows and
difficulties must be overcome. The process of discovering
new materials and designing them could be sped up in the
future by using computational techniques to forecast and
optimize the properties of vitrimer materials. Industry
adoption - in the near future, sectors like automotive,
aerospace, electronics, and consumer goods may adopt
more frequently as research advances and
production methods advance. However, there is a lot of
potential for solving these problems and opening up new
doors in materials science and a variety of sectors in the
continuous study and development of vitrimers.

vitrimers

6. Conclusions

As a result of reversible chemical reactions occurring within
the substance, vitrimers have special qualities that make
them adaptable like polymers while retaining the structural
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integrity of conventional covalent bonds. On the basis of the
unique properties of vitrimers, they can be explored for
developing advanced formulations with enhanced features in
terms of improved mechanical strength, higher thermal
stability, and more tailored responsiveness. Likewise, the
integration of multiple functionalities into vitrimer materials
including  self-sensing  capabilities,  electromagnetic
interference shielding, and energy storage, expands their
potential applications. Importantly, they draw great attention
and inspiration for future work in biomedical applications as
they have a great possibility of biomimetic nature and self-
healing properties similar to human tissue and are highly
biocompatible. Their ability to undergo controlled reshaping
offers promising avenues in tissue engineering, where
tailored 3D structures can facilitate cell growth and
regeneration.
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